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Planarians are flatworms capable of regenerating
any missing body region. This capacity is mediated
by neoblasts, a proliferative cell population that
contains pluripotent stem cells. Although popula-
tion-based studies have revealed many neoblast
characteristics, whether functionally distinct classes
exist within this population is unclear. Here, we used
high-dimensional single-cell transcriptional profiling
from over a thousand individual neoblasts to directly
compare gene expression fingerprints during ho-
meostasis and regeneration.We identified two prom-
inent neoblast classes that we named z (zeta) and s
(sigma). Zeta-neoblasts encompass specified cells
that give rise to an abundant postmitotic lineage,
including epidermal cells, and are not required for
regeneration. By contrast, sigma-neoblasts pro-
liferate in response to injury, possess broad line-
age capacity, and can give rise to zeta-neoblasts.
These findings indicate that planarian neoblasts
comprise two major and functionally distinct cellular
compartments.
INTRODUCTION
Adult stem cells play crucial roles in processes such as tissue
turnover and regeneration, but regulatory mechanisms involved
in themaintenance and lineage specification of stem cells remain
poorly understood. Adult planarians maintain a population of
dividing cells with broad differentiation potential, presenting
the opportunity to study these processes in vivo.
The seemingly inexhaustible regenerative capacity of planar-
ians has fascinated biologists for well over a century (Reddien
and Sa´nchez Alvarado, 2004). Planarians can repair extensive
wounds and replace entire organs, such as the brain. Planarian
regeneration is mediated by a population of small, proliferative
cells (8 mm in diameter), termed ‘‘neoblasts,’’ that are
dispersed throughout mesenchymal regions of the body. The
neoblast population is essential for regeneration and contains
pluripotent stem cells (‘‘cNeoblasts’’) that can give rise to all so-
matic cell types in the adult body (Wagner et al., 2011).326 Cell Stem Cell 15, 326–339, September 4, 2014 ª2014 Elsevier IStudies using general mitotic markers (Newmark and Sa´nchez
Alvarado, 2000; Wenemoser and Reddien, 2010), whole-body
irradiation (Guedelhoefer and Sa´nchez Alvarado, 2012; Reddien
et al., 2005b; Wolff and Dubois, 1948), and bromodeoxyuridine
(BrdU) labeling (Eisenhoffer et al., 2008; Newmark and Sa´nchez
Alvarado, 2000), have yielded population-level analyses of
neoblast proliferation, dynamics, and collective cellular output.
Furthermore, transcriptional analyses have identified many neo-
blast-enriched transcripts (Blythe et al., 2010; Eisenhoffer et al.,
2008; Galloni, 2012; Labbe´ et al., 2012; Onal et al., 2012; Resch
et al., 2012; Shibata et al., 2012; Solana et al., 2012; Wagner
et al., 2012), including those encoding several Sox and Pou tran-
scription factors, gene families with important roles in stem cell
maintenance in other organisms. Neoblasts also express tran-
scripts for the PIWI proteins Smedwi-1 and Smedwi-2 (Reddien
et al., 2005b), the Bruno-like protein Bruli (Guo et al., 2006), and a
Tudor protein (Solana et al., 2009). These proteins are typically
found in association with nuage, an electron-dense perinuclear
organelle present in germ cells, which plays a role in transposon
silencing and maintenance of genome integrity (Voronina et al.,
2011). Several of these nuage-related genes are required for
maintenance of the neoblast population (Guo et al., 2006; Red-
dien et al., 2005b; Salvetti et al., 2005; Solana et al., 2009).
Previous studies have thus provided important insights into
the general features of neoblasts. However, they also reinforced
the historic notion that neoblasts represent a single homoge-
neous stem cell population. Recently, gene expression signa-
tures specific to differentiated tissues were shown to mark small
numbers of lineage-specified neoblasts during regeneration
(Cowles et al., 2013; Currie and Pearson, 2013; Lapan and Red-
dien, 2011; Scimone et al., 2011) and in homeostasis (Hayashi
et al., 2010; Moritz et al., 2012). In addition, neoblasts can be
subdivided with respect to an otherwise uncharacterized sur-
face antigen (Moritz et al., 2012) or a trans-splicing sequence
(Rossi et al., 2014). However, as a consequence of small
numbers and/or lack of functional characterization, it remains
unknown whether the aforementioned phenomena reflect the
presence of substantial cellular classes within the neoblast
population.
Multidimensional single-cell transcriptional profiling is a
powerful approach to distinguish true cellular heterogeneity
from biological noise and has facilitated the deconvolution of
heterogeneous cell populations across awide range of biological
systems. Here, we used this approach on neoblasts, comparing
gene expression fingerprints from over a thousand individualnc.
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be divided into multiple prominent classes, characterized by
coregulated transcript sets and displaying distinct regenerative
properties. We propose that neoblasts are a heterogeneous
pool of cells, containing both pluripotent and prominent line-
age-committed subsets.
RESULTS
Selection of Markers for Single Neoblast Profiling
To molecularly profile individual neoblasts of Schmidtea medi-
terranea, we performed highly parallel single-cell quantitative
RT-PCR (qRT-PCR) on the Biomark (Fluidigm) platform (Figures
S1A–S1F available online), analyzing 96 genes from each cell.
Genes were selected from a de novo neoblast transcriptome
(accession SRP042226) and included nuage-related neo-
blast markers (smedwi-1, smedwi-2, smedwi-3, Smed-vasa-1,
Smed-vasa-2, Smed-tdrd1L2, pumilio, and Smed-bruli [Guo
et al., 2006; Palakodeti et al., 2008; Reddien et al., 2005b; Sal-
vetti et al., 2005; Solana et al., 2009; Wagner et al., 2012]); cell
cycle regulators (Smed-rb, Smed-pcna, Smed-mcm2, and
Smed-cyclinB [Reddien et al., 2005a; Salvetti et al., 2000; Zhu
and Pearson, 2013]); markers of postmitotic planarian cell types
(Smed-prog-1, Smed-prog-2, Smed-porcn-a, and Smed-mhc1
[Eisenhoffer et al., 2008; Pearson et al., 2009; Wagner et al.,
2012]); reference genes (Smed-g6pd, Smed-ubiquilin, Smed-
luc7-like, and Smed-clathrin); and 16 other genes with enriched
expression in neoblasts (Wagner et al., 2012) (Figure S1H;
Table S1). The majority of selected genes consisted of the 55
most abundantly detected transcripts corresponding to tran-
scription factors and transcriptional regulators in our neoblast
transcriptome.
Global expression patterns of selected genes were assessed
by whole-mount in situ hybridization and by RNA sequencing
(RNAseq) analysis of isolated cell populations (Figure S1H).
These analyses showed that although the selected transcripts
were all present in neoblasts, they were not necessarily enriched
in these cells.
Gene Expression Profiling Divides Neoblasts into Two
Major Classes
We used fluorescence-activated cell sorting (FACS) (Hayashi
et al., 2006) to isolate individual neoblasts with 4C DNA content
(X1(4C)) from the prepharyngeal region of intact worms for
single-cell transcriptional analysis (Figures S1A–S1D). Hierarchi-
cal clustering (HC) of the cells based on their gene expression
profiles revealed that neoblasts comprise two major, roughly
equally sized populations (Figure 1A; Figure S1G). One popula-
tion, the zeta-class (‘‘z-class’’), marked in magenta, expressed
high levels of a discrete set of genes (e.g., Smed-zfp-1, Smed-
g6pd, Smed-fgfr-1, Smed-p53, Smed-soxP-3, and Smed-egr-
1); the other population, the sigma-class (‘‘s-class’’), marked in
green, expressed low levels of those genes but had elevated
expression of Smed-soxP-1, Smed-soxP-2, Smed-soxB-1,
Smed-smad-6/7, Smed-inx-13, Smed-pbx-1, Smed-fgfr-4, and
Smed-nlk-1. Within these two major classes, at least one sub-
class was identified: the gamma-class (‘‘g-class’’) marked in
blue, was readily discerned as a subclass within the sigma-class
and expressed high levels of Smed-gata4/5/6, Smed-nkx2.2,Cell SSmed-hnf4, and Smed-prox-1 (see Figure S1G for description
of further subclasses).
Feature reduction by analysis of variance (ANOVA) revealed a
reduced set of markers (primarily transcription factors) with high
differential expression between the classes (Figure 1B), and HC
based on the 25 most discriminating genes correctly assigned
the majority of cells to their classes. Principal component anal-
ysis (PCA) was used as an independent method to reduce data
complexity and identified the differences between the sigma-
and zeta-neoblasts as the primary source of variance in the
expression data (Figure 1C). Moreover, the subset of transcripts
contributing the majority of the variance was similar to that
discovered by ANOVA (Figure 1D).
Fluorescence in situ hybridization (FISH) on FACS-isolated
4C cells, using smedwi-1 as a ubiquitous neoblast marker,
confirmed the largely overlapping expression of transcripts
within each class, as well as the nonoverlapping expression of
transcripts between classes (Figure 1E). Because many tran-
scripts are expressed at low levels and because no single tran-
script can reliably label all members of a class, we assembled
RNA probe pools for improved class detection by FISH.
Balancing signal intensity, class specificity, and neoblast speci-
ficity, we pooled zfp-1, fgfr-1, soxP-3, and egr-1 probes for zeta-
neoblasts and soxP-1 and soxP-2 probes for sigma-neoblasts.
Indeed, probe mixtures displayed nonoverlapping expression
and improved overall class detection (Figure 1E).
Neoblast Classes Are Not Defined by Cell Cycle State
The two identified neoblast classes could reflect different cell
cycle stateswithin an otherwise homogenous 4C cell population,
namely G2 phase and M phase. FISH analysis of animals treated
with the M-phase blocker nocodazole (Figure S2D), however,
showed that cells of each class were colabeled with the mitotic
marker H3P (histone H3 phosphorylated on Serine 10), indicating
that both classes are present among M-phase cells (Figure 2A;
Figure S2E). Similarly, each class was rapidly colabeled with
BrdU, a thymidine analog that is incorporated into newly synthe-
sized DNA (Figures 2B and S2F), indicating that both classes are
also present during S phase.
We next used FACS to isolate additional cell-cycle-restricted
populations according to DNA content: 2C irradiation-sensitive
cells (‘‘X2 cells,’’ which encompass a mixture of cells in G0 or
G1 phase and early postmitotic cells) and cells with DNA
content between 2C and 4C (cells in S phase, ‘‘X1(S)’’; Fig-
ure S1D). Single-cell profiling showed that, although levels of
several nuage-related neoblast markers (such as smedwi-1,
vasa-1, vasa-2, tdrd1L2, and bruli) and all cell cycle markers
(rb, pcna, mcm2, and cyclinB) were correlated with cell cycle
stage, the sigma- and zeta-class remained prominent in all three
stages analyzed (Figures S2G–S2I). In addition, PCA showed
that the primary variance vector (PC1) of the gene expression
fingerprints correlated with cell cycle stage, but the second,
independent vector (PC2) correlated with class membership
(Figure 2C).
Together, these data indicate that the sNeoblasts and the
zNeoblasts reflect two separate populations that remain present
throughout the cell cycle. This represents the first identification
of major cell-cycle-independent classes within the neoblast
population.tem Cell 15, 326–339, September 4, 2014 ª2014 Elsevier Inc. 327
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Figure 1. Single-Cell Transcriptional Profiling Reveals Neoblast Classes
(A) Normalized expression and HC of 176 individual X1(4C) cells isolated by FACS and profiled for 96 transcripts by qRT-PCR. High and low expression relative to
a reference sample is indicated by blue and red shades, respectively. Clustering of cells and genes was guided by Pearson correlation. Top colored bar indicates
class membership: zNeoblasts (magenta), sNeoblasts (green), and gamma-subclass (blue).
(B) Simplified heatmap based on the 25 most informative genes for class membership, as determined by ANOVA. Left color bar indicates transcript class
enrichment. Transcripts marked with asterisks are annotated based on top BLASTx hit.
(C) PCA of the full qRT-PCR results on 176 cells from the X1(4C) gate. Each dot represents a cell, colored according to its class as determined by HC. Cells are
plotted against the first two principal components (PCs). PC1 separates the two classes, indicating that this is the primary source of variation in the data set. PC2
largely separates the gamma-subclass from the remainder of sigma cells.
(D) Contributions of each transcript to the first two PC vectors. Genes are colored according to class enrichment.
(E) FISH on isolated X1 cells. Images show a representative confocal plane for each probe pair. Pie charts quantify the percentage of smedwi-1-positive cells
labeled with single, both, or neither FISH probe. More than 500 cells were analyzed per probe pair. Use of pooled FISH probes (bottom panel) improves detection
and reduces the proportion of unclassifiable cells (black pie wedges).
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We testedwhether the twomajor neoblast classes are correlated
with anatomical position using RNA probes with expression
restricted to the smedwi-1+ population (zfp-1 for zeta and
soxP-2 for sigma) (Figure 2D; Figures S2A–S2C). Cells of both
classes displayed a similar smedwi-1-like distribution (Fig-
ure 2D), without obvious differential localization along the ante-
rior-posterior axis, the medial-lateral axis, or the dorsal-ventral
axis (Figures 2E and S2A). These observations indicate that the
two classes represent two intermingled, distinct cell classes of
roughly equal abundance.
Both Neoblast Classes Are Present during Regeneration
To assess the role of neoblast classes during regeneration, we
first determined their presence and abundance during three328 Cell Stem Cell 15, 326–339, September 4, 2014 ª2014 Elsevier Iregenerative challenges: regeneration of anterior or posterior
body regions (assessed 48 hr after amputation) or repopulation
of the neoblast compartment (assessed 10 days after sublethal
irradiation). Profiling of single X1(4C) cells revealed several global
changes in the levels of individual transcripts, such as upregula-
tion of nuage-related neoblast markers (smedwi-1, smedwi-2,
smedwi-3, vasa-1, and tdrd1L2) and downregulation of rtel-1
and junli-1 (Figures S3A–S3D). However, HC and PCA each iden-
tified the sigma- and zeta-class in the irradiated sample and in
both amputation samples, without significant changes in their
relative abundances (Figure 3A).
The sNeoblasts Dominate the Response to Wounding
The regenerative response in S. mediterranea involves two
mitotic waves: a global increase in mitosis that peaks at 6 hr afternc.
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Figure 2. Neoblast Classes Do Not Reflect Anatomical Localization or Cell Cycle State
(A) Representative confocal plane from prepharyngeal region after nocodazole treatment. FISH of zeta-class (zfp-1) and sigma-class (soxP-2) shows colabeling
with phosphorylated histone H3 (H3P) immunofluorescence (IF). Pie chart indicates class distribution for 133 mitotic cells (from five individual animals) that
displayed detectable levels of class marker transcripts (308 total H3P+ cells analyzed). Scale bars, 5 mm. Nuclei are labeled by DAPI (gray).
(B) Representative confocal plane from a planarian subjected to a 4 hr BrdU pulse and labeled by pooled class FISH probes and BrdU IF. Pie chart
indicates class distribution for 299 BrdU+ cells (from three individual animals) with detected class marker expression (402 BrdU+ cells analyzed). Scale
bars, 5 mm.
(C) PCA of qRT-PCR data from individual neoblasts isolated from cell-cycle-restricted FACS gates. Each dot represents a cell, colored based on its FACS gate
and class membership (determined by HC). PC1 separates cell cycle stages, whereas PC2 separates the classes. Schematic illustrates the distribution of cell
cycle stages and classes over the plot area.
(D) Whole-mount in situ hybridization comparing spatial distributions of zNeoblasts (zfp-1) and sNeoblasts (soxP-2) to the global neoblast population (smedwi-1).
Ventral views, anterior up; scale bar, 200 mm.
(E) Transverse tissue section labeled by whole-mount double FISH shows the spatial distribution of zNeoblasts (zfp-1) and sNeoblasts (soxP-2). Mitotic cells are
labeled by IF for H3P. Dotted line indicates animal boundary. Dorsal up; scale bar, 50 mm.
Cell Stem Cell
Single-Cell Analysis of Planarian Neoblastswounding and a more localized mitotic response at 48 hr after
wounding (Wenemoser and Reddien, 2010). In addition, neo-
blasts localize to wounds approximately 48 hr after injury (Wene-
moser and Reddien, 2010). Although both neoblast classes were
stably present throughout regeneration, sNeoblasts were sub-
stantially overrepresented amongmitotic cells 6 hr after amputa-
tion (p < 0.0001, two-tailed Fisher’s exact test) (Figures 3B and
3C). At 48 hr, the sigma-class still represented the largest
fraction of cells undergoing mitosis. We conclude that the in-
crease in neoblast proliferation early after wounding can be
largely attributed to mitotic activity of sNeoblasts. Furthermore,
at 0 hr postamputation, cells from both classes were approxi-
mately equally distributed across tail fragments (Figures 3D
and 3E). At 6 to 48 hr postamputation, cells of the zeta-class
were still evenly distributed throughout the amputated fragment.
By contrast, sigma-class cells were enriched near the woundCell S(Figures 3D and 3E), indicating that wound site accumulation
of neoblasts mainly involves sNeoblasts. Together, these exper-
iments indicate that the early cellular responses to wounds are
primarily mediated by sNeoblasts.
zfp-1 RNAi Specifically Eliminates the zNeoblasts
zfp-1 expression is restricted to neoblasts (Figures S2B and
S2C) and is specific to the zeta-class (Figures 1A and 1B).
Notably, zfp-1 RNA interference (RNAi) causes animal lethality,
with only a modest reduction in neoblast numbers (Figures
S4A–S4D) (Wagner et al., 2012). We characterized the effect
of zfp-1 RNAi on the neoblast population for over 3 weeks
using qRT-PCR. Significant zfp-1 transcript reduction was
evident within 10 days of RNAi (Figure 4A), followed by a
reduction of other zeta-class transcripts. By contrast, gen-
eral neoblast markers and sigma-class transcripts remainedtem Cell 15, 326–339, September 4, 2014 ª2014 Elsevier Inc. 329
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Figure 3. Neoblasts Undergoing Early Responses to Injury Are Enriched for the Sigma-Class
(A) X1 cells from the prepharyngeal region were profiled by single-cell qRT-PCR for 96 transcripts on day 10 after sublethal irradiation (1,250 rads) or on day 2 after
anterior or posterior amputation. Pie charts illustrate distribution of neoblast class assignments (determined by HC) forR90 individual cells per condition.
(B) Representative confocal projections through tail fragments fixed 0, 6, and 48 hr postamputation (hpa) labeled by H3P IF together with double FISH for
zeta-class (zfp-1) and sigma-class (soxP-2) markers in (D). Dotted lines: tail fragment boundary. Amputation plane is at left. Pie charts indicate proportions of
H3P+ cells expressing detectable levels of soxP-2 (sigma-class), zfp-1 (zeta-class), or both transcripts as green, magenta, and white pie wedges, respectively.
Total number of cells represented in each pie chart is indicated. Zoomed examples of zeta-class and sigma-class mitotic cells are displayed at the upper right.
Scale bars, 100 mm (tail fragments) and 5 mm (zoomed panels). h, hours.
(C) Dots show the proportions of soxP-2+ to zfp-1+ H3P+ cells for each specimen at each postamputation time point described in (B), indicating similar trends
across all specimens included in the analysis.
(legend continued on next page)
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Figure 4. zfp-1 RNAi Eliminates the Zeta-Class without Affecting the Sigma-Class
(A) qRT-PCR time course of transcriptional changes following zfp-1RNAi. Top bar indicates treatment and time point: control RNAi in blue, zfp-1RNAi inmagenta,
and lethal irradiation in orange. Biological replicates (10,000 live cells from a batch of five worms each) were isolated by FACS. Heatmap shows log2 fold changes
in expression levels (relative to day 0) after global median normalization. d, day.
(B)Whole-mount FISH for zeta- and sigma-class probe pools together with smedwi-1. Shown is a confocal projection from the prepharyngeal region of the animal
fixed after 10 days of RNAi. Scale bars, 50 mm.
(C) Analysis of single-cell expression data obtained by qRT-PCR of 96 transcripts. Dots represent individual X1 cells from animals exposed to 10 days of zfp-1 or
control RNAi, projected on to PC1 and PC2 vectors obtained by PCA of untreated X1 cells. Background shades indicate class membership.
(D) Tail fragments cut from 10-day zfp-1(RNAi) and control RNAi animals were fixed at 0 hr, 6 hr, and 48 hr postamputation. Numbers of mitotic events observed in
confocal projections through entire tail pieces are plotted. h, hours.
(E and F) Effects of zfp-1 RNAi onwound-induced accumulation of neoblasts. Zeta- and sigma-class cells are labeled with pooled FISH probes together with IF for
H3P. (E) FISH signal intensities are quantified as in Figure 3E. (F) Representative confocal projections from tail fragments fixed 48 hr postamputation. Amputation
plane is at left. Scale bars, 100 mm.
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4B, S4) and RNAseq (Figure S4G) confirmed that zfp-1 RNAi
resulted in the specific depletion of zfp-1 and other zeta-class
transcripts.(D) Confocal projections of FISH labeling for amputated tail fragments described
(E) Quantification of FISH signal intensities for zeta- and sigma-classmarkers disp
(see Supplemental Experimental Procedures) are plotted for R4 individual tail fr
posterior.
Cell SWe next isolated X1(4C) cells from zfp-1(RNAi) animals for
single-cell qRT-PCR analysis and used PCA to determine class
membership. Both control and zfp-1(RNAi) samples contained
cells with a sigma-class signature (Figure 4C). By contrast,in (B). Scale bars, 100 mm.
layed in (D) at 0 hr and 48 hr postamputation. Normalized FISH signal intensities
agments across 50 mm bins extending from the amputation plane toward the
tem Cell 15, 326–339, September 4, 2014 ª2014 Elsevier Inc. 331
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ing a population consisting entirely of sNeoblasts. Based on
these FISH, RNAseq, and bulk and single-cell qRT-PCR data,
we conclude that zfp-1 RNAi leads to specific depletion of zNeo-
blasts while leaving the sNeoblasts largely unaffected.
sNeoblasts Function Normally in the Absence
of zNeoblasts
The ability to specifically deplete zNeoblasts by zfp-1 RNAi
presents an opportunity to study the properties of sNeoblasts
in isolation. We thus examined the regenerative response in
amputated tail fragments from zfp-1(RNAi) animals. The peaks
in mitoses at 6 and 48 hr after wounding (mediated primarily by
sNeoblasts) were not significantly altered in zfp-1(RNAi) animals
(Figure 4D). Furthermore, sNeoblast localization to wounds 48 hr
after amputation was similar to that of control animals (Figures
4E and 4F). These data demonstrate that sNeoblasts undergo
mitosis in the absence of the zNeoblasts and remain capable
of mounting a normal regenerative response.
Neoblasts Maintain Lineage Potential in the Absence
of zNeoblasts
Animals devoid of zNeoblasts (10 days of zfp-1 RNAi) were still
able to generate a blastema following amputation (Figure 5A).
We used whole-mount FISH to examine the tissue composition
of zfp-1(RNAi) head blastemas. Previous work (Eisenhoffer
et al., 2008) described several related postmitotic cell popula-
tions (neoblast progeny) characterized by expression of specific
marker genes (e.g., prog-1 and AGAT-1). These ‘‘prog-1-
related’’ cell populations are located subepidermally, experi-
ence rapid turnover, and share common genetic requirements
(Pearson and Sa´nchez Alvarado, 2010; Scimone et al., 2010).
Consistent with earlier observations (Wagner et al., 2012), we
found that prog-1 and all other markers of these related popu-
lations were specifically depleted following zfp-1 RNAi during
regeneration as well as during homeostasis (Figures 5A, 5B,
and S5A). By contrast, markers of other tissues remained
detectable in zfp-1(RNAi) regenerating animals; brain (chat),
intestine (mat), muscle (collagen), protonephridia (ca), eyes
(ovo), and pharynx (mhc-1) were all present and appeared
morphologically normal (Figures 5A, 5B, and S5C). These new
structures could have been formed either by newly dividing
and differentiating cells or from preexisting postmitotic cells.
To distinguish between these possibilities, we assessed de
novo incorporation of BrdU into blastemas. Five days postam-
putation, each of the differentiated tissues analyzed contained
BrdU+ cells (Figure 5C), indicating that these tissues were newly
derived from a zeta-class-depleted neoblast population.
Together, these data indicate that the sNeoblasts, as a popula-
tion, can form a broad range of tissues without contribution
from the zeta-class.
zNeoblasts Are Involved in Epidermal Maintenance
and Regeneration
To identify any tissues that might derive from zNeoblasts, we
analyzed 5-day regenerating head blastemas of zfp-1(RNAi) an-
imals by RNAseq. As expected, prog-1-related markers were
severely reduced, and transcripts characteristic of eye, brain, in-
testine, protonephridia, andmuscle were unaltered (Figure S6A).332 Cell Stem Cell 15, 326–339, September 4, 2014 ª2014 Elsevier INotably, several transcripts associated with epidermis, cilia, and
secretory cells were reduced in the zfp-1(RNAi) blastemas.
We selected 20 transcripts that were severely (>16-fold)
reduced in zfp-1(RNAi) blastemas and highly expressed in the
controls for whole-mount in situ hybridization. Sixteen tran-
scripts revealed interpretable expression patterns (Figure 6A;
Figure S6B). Nine of the transcripts were detected in sparse sub-
epidermal cells identical or similar to prog-1-expressing cells.
The other seven transcripts were present in the epidermis, either
globally or localized to specific epidermal domains. FISH anal-
ysis confirmed the epidermal localization of several of these tran-
scripts (Figure 6B) and demonstrated that expression of these
genes failed to be fully reestablished in zfp-1(RNAi) blastemas
(Figure 6C).
These results raise the possibility that zNeoblasts are required
for epidermal regeneration. Assessment of global epidermal
morphology using the lectin concanavalin A (Zayas et al., 2010)
showed that the epidermal layer of zfp-1(RNAi) blastemas was
disorganized and contained fewer and thinner cells compared
to the control (Figures S6C and S6D). Prolonged zfp-1 RNAi in
the absence of injury resulted in similar epidermal defects
as seen following abrogation of cell turnover by lethal irradiation
(Figures S6E–S6G), suggesting that the epidermal phenotype of
zfp-1(RNAi) could be caused by reduced epidermal cell renewal.
We used BrdU labeling to quantify new cell entry into the
epidermis. Two weeks after BrdU incorporation, significantly
fewer BrdU+ cells were detected in the epidermis of zfp-
1(RNAi) animals as compared to controls (Figures 6D and 6E).
These results confirm that the zNeoblasts give rise to a lineage
that, at least in part, includes prog-1-related cells and ultimately
is involved in the maintenance and/or differentiation of an
epidermal cell type.
The Sigma-Class Is Collectively Pluripotent and
Regenerates the Zeta-Class
To assess the long-term renewal capabilities of the sigma-class,
we performed bulk transplantation of RNAi-treated neoblasts
into neoblast-depleted hosts (outlined in Figure 7A), and as-
sessed outcomes of over a hundred separate transplantations
by FISH. Neoblasts from both control and zfp-1(RNAi) donors
proliferated robustly (Figures 7B–7D), and grafts derived from
control donors maintained a consistent ratio of zeta- to sigma-
class cells at all time points (Figures 7B and 7C). By contrast,
the vast majority of zfp-1(RNAi)-derived grafts (29/32) lacked
any detectable zeta-class gene expression at 7 days post-
transplantation (the three remaining grafts contained one or
two zeta-class cells) (Figures 7B and 7D), whereas by 27 days
posttransplantation, most of these neoblast grafts (54/58) did
contain zeta-class cells. These data demonstrate that zfp-1(RNAi)-
derived grafts reestablished zeta-class cells posttransplantation
(p < 0.0001, two-tailed Fisher’s exact test). Single-cell transcrip-
tional profiling of several neoblast grafts confirmed that hosts
transplanted with zfp-1(RNAi) donor cells initially received only
sNeoblasts but could reestablish a zeta-class as well as
prog-1+ neoblast progeny (Figures 7E and 7F; Figures S7A and
S7B). These data indicate that sigma-class cells have long-
term renewal capacity and can generate zeta-class cells.
If sNeoblasts are indeed the source of zNeoblasts, transition
states between the two classes should be detectable in intactnc.
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Figure 5. Neoblasts Maintain the Ability to Form Blastemas and Regenerate Multiple Tissue Types in the Absence of the Zeta-Class
(A) Regenerated head blastemas from 10-day RNAi animals were analyzed 5 days postamputation. Tissues are labeled by RNA probes for ca (nephridia), chat
(central nervous system [CNS]), collagen (muscle), mat (intestine), prog-1, and smedwi-1 (neoblasts). Numbers of animals with displayed tissue patterns are
indicated. Dotted lines indicate animal boundary. Anterior, left. Scale bars, 100 mm. d, day.
(B) Transcriptional changes in zeta-class transcripts and postmitotic tissuemarkers following zfp-1RNAi, analyzed by qRT-PCR. Biological replicates (10,000 live
cells from a batch of five worms each) were isolated by FACS after control RNAi (blue) or zfp-1 RNAi (magenta). Heatmap shows log2 fold changes in expression
levels (relative to day 0) after global median normalization.
(C) Tail fragments cut from 10-day RNAi animals were soaked in BrdU starting 2 days postamputation and fixed 5 days later. Specimens were assessed by triple
FISH for chat (CNS), collagen (muscle), and mat (intestine), together with BrdU IF. Representative confocal projections through head blastemas regenerated
following zfp-1 or control RNAi are shown. BrdU-positive cells expressing each tissue marker are indicated by arrowheads. Scale bars, 10 mm.
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Figure 6. The Zeta-Class Is Involved in Epidermal Regeneration
(A) Schematic for RNAseq strategy used to identify transcripts differentially expressed in zfp-1(RNAi) versus control blastemas. Whole-mount in situ hybridization
patterns for several transcripts identified by this strategy are shown at right.
(B) Several genes identified in (A) are expressed in the planarian epidermis. Left panel shows epidermal nuclei (arrowheads) in the head rim, distal to the basement
membrane (yellow dotted line) as visualized by differential interference contrast (DIC) microscopy. Right panels are confocal planes from animals labeled by FISH.
Labeled cells are found distal to the basement membrane. Scale bars, 10 mm.
(C) Tissue fragments cut from 10-day RNAi animals were fixed 5 days postamputation and assessed by double FISH. Total numbers of animals with displayed
tissue patterns are indicated. Dotted lines indicate animal boundary. Scale bars, 100 mm.
(legend continued on next page)
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during cell cycle progression. The irradiation-sensitive 2C cells
(located in the ‘‘X2’’ FACS gate) are a mixture of cycling cells in
G1 phase and postmitotic cells early after their last division. Sin-
gle-cell transcriptional profiling indicated that the large majority
of zeta-class cells in the X2 gate coexpressed high levels of
postmitotic markers prog-1 and prog-2 and reduced levels of
neoblast markers smedwi-1, vasa-1, and bruli (Figure S2H). This
suggests that themajority of zeta-class cells in the X2 gatemight,
in fact, have exited the cell cycle and will not go through another
round of division. In order to explore this possibility further,
we divided S-phase cells into three stages by DNA content
(Figure S7C) and performed single-cell profiling on cells from
each stage (Figures S7H–S7L). Two independent lines of
evidence suggest that zNeoblasts are indeed derived from
sNeoblasts during S phase in intact animals. First, the fraction
of zNeoblasts in the stage just entering S phase—the stage
with the lowest DNA content, ‘‘X1(earlyS)’’—was significantly
smaller than the fraction of zNeoblasts in later S-phase stages,
‘‘X1(midS)’’ and ‘‘X1(lateS)’’ (p < 0.05, two-tailed Fisher’s exact
test) (Figure 7G). This trend was replicated by class membership
analysis of a BrdU-labeled cell population as it progressed
through the cell cycle (Figures S7D and S7E). Second, PCA
analysis showed that early S-phase zeta-class cells were more
similar to the X2 sigma-class cells than to the X2 zeta-class cells
and that the zeta-class identity became more resolved during
progression through S-phase stages (Figures 7H and S7G).
Together, these data suggest that the zeta-class cells represent
a population of cells that continually arise from sNeoblasts and
that their shift in transcriptional profile begins directly following
entry into S phase.
DISCUSSION
Planarian neoblasts are an attractive system for the in vivo study
of adult stem cell renewal and differentiation in the context of
tissue regeneration. To date, most studies of neoblasts have
been conducted on a cell population level. Although this strategy
has resulted in the identification of important genes and stimuli
affecting the neoblast population as a whole, such observations
reflect the average of all the cells constituting the population.
Understanding the regenerative process, however, requires an
appreciation of the roles and capabilities of individual neoblasts.
Recent technical developments have dramatically lowered
gene expression detection limits and allowed the fields of devel-
opmental biology and stem cell biology to move their focus
from population-based analyses to single cells (Junker and van
Oudenaarden, 2014; Livak et al., 2013). Single-cell profiling ap-
proaches that utilize highly parallel measurements allow for the
rapid analysis of many transcripts in hundreds of cells (Dalerba
et al., 2011; Guo et al., 2010) and are well equipped to handle
the biological noise present in the levels of individual transcripts
(Raj and van Oudenaarden, 2008). Here, we present a highly par-
allel gene expression analysis of single cells from the planarian(D) Effects of zfp-1 RNAi on epidermal cell turnover. Images depict the ventral e
Rightmost images depict CNS tissues, in which cell turnover is not affected by z
(E) Numbers of BrdU+ epidermal (Ep) cells per square millimeter are plotted for ea
error bars indicate mean and SD. p values are based on unpaired Student’s t tes
Cell Sneoblast population and validate this approach by describing
the biological roles of the cell types identified.
Neoblast Heterogeneity
Apart from noise, variance revealed by single-cell profiling can
reflect a wide range of transient biological phenomena, including
differences in cell cycle state, nutritional state, or stress. Several
notable features, however, suggest that the cellular classes
reported here represent genuine and stable subtypes of neo-
blasts. First, the classes are distinguished by coregulated
groups of transcripts detectable by qRT-PCR as well as in situ
by FISH. This makes it highly unlikely that their detection would
be the result of experimental or biological noise. Second, multi-
ple classification methods (HC and PCA) independently identi-
fied the same classes, indicating that their discrimination is
robust. Third, the classes are present throughout the cell cycle
and thus are not the result of cell-cycle-dependent transcrip-
tional variation of a single cell type. Fourth, the classes are prom-
inent, each involving a large fraction of the neoblast population.
This makes it unlikely that they represent a fringe effect with mi-
nor relevance to general neoblast biology. Finally, the classes
possess distinct regeneration and lineage potential features.
This study has thus identified two major classes of neoblasts.
The first class, the zeta-neoblasts, expresses a large cohort of
transcripts including zfp-1. The second class, the sigma-neo-
blasts, expresses low levels of transcripts characteristic of
zeta-neoblasts but higher levels of several other genes, including
soxP-1 and soxP-2. Cells of both major classes are present
throughout the cell cycle, are distributed throughout the body,
and remain abundant in homeostasis and during regeneration.
Together, these features indicate that zeta-neoblast and
sigma-neoblast classes are prominent and integral aspects of
the planarian neoblast system.
Determinants of Neoblast Classes
Cell-cycle-related genes and transcripts associated with nuage
fluctuated throughout the cell cycle and showed some coregula-
tion; however, variation in thesegeneswasnot informative for neo-
blast class membership. This conclusion is consistent with previ-
ous neoblast single-cell qRT-PCR data (Hayashi et al., 2010),
which also found that analyzing the presence of nuage-related
neoblast markers did not distinguish subsets among neoblasts.
By contrast, a subset of the selected transcription factors was
able to distinguish clear subpopulations among the neoblasts.
Notably, expression of some of these genes (zfp-1, soxP-2) was
restricted to the neoblast compartment (Figures S2B and S2C),
whereas others were also expressed in specific differentiated
tissues (Figure S1H). Although each class is defined by a unique
expression fingerprint of distinct transcription factor genes, some
common themes are also evident. For example, each class is
characterized by expression of specific Sox transcription factor
family members (e.g., soxP-1 and soxP-2 for sigma versus
soxP-3 for zeta), and each class also expresses distinct FGF re-
ceptors (fgfr-4 for sigma and fgfr-1 for zeta). Future studies willpidermis from anterior regions of RNAi animals 6–14 days after BrdU labeling.
fp-1 RNAi. Scale bars, 50 mm. d, day.
ch time point and RNAi condition. Dots represent individual animals. Lines and
t (two-tailed).
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Figure 7. The Sigma-Class Regenerates the Zeta-Class
(A) Schematic representation of transplantation procedure. Animals were exposed to control or zfp-1 RNAi for 15 days. A subset of isolated cells was analyzed by
single-cell qRT-PCR. Remaining cells were transplanted into lethally irradiated hosts and allowed to expand up to 30 days. Transplanted populations were
assessed by single-cell transcriptional profiling or whole-mount FISH.
(B) Representative confocal images of neoblast grafts derived from control or zfp-1(RNAi) donor cells. Hosts were fixed 7 or 27 days posttransplantation, and
labeled by FISH probes for smedwi-1 and the zeta-class. Zeta-class gene expression was undetected in the majority (29/32) of day 7 grafts from zfp-1(RNAi)
donors but was robustly detected in grafts (54/58) assessed at day 27. Scale bars, 50 mm.
(C and D) Log-scale plots of scored smedwi-1+ cells plotted against numbers of cells that coexpressed zeta-class markers for transplant grafts described in (B).
Each dot represents an individual graft. Line represents linear regression fit of the control RNAi data.
(E and F) PCA of individual X1 cells from transplants at 0, 20, and 30 days posttransplantation. Each row represents a host, and each dot represents a cell. Cells
from control [blue in (E)] and zfp-1(RNAi) grafts [red/orange in (F)] are plotted against the first PC value, which reflects class membership. Positive PC1 value
assigns a cell to the sigma-class and a negative value to the zeta-class. zfp-1(RNAi) grafts contain only sigma-class cells at day 0, but at later time points zeta-
class cells are detected.
(G) Cell-cycle-restricted X1 cells were isolated using different FACS gates (see Figure S7C) and profiled by qRT-PCR for 96 genes. Pie charts indicate class
membership (determined by HC).
(H) PCA of single-cell qRT-PCR data from different cell-cycle-restricted FACS gates. Each dot represents a cell. Colors indicate FACS gate and class mem-
bership. PC1 separates according to cell cycle stage; PC2 indicates class membership. Schematic depicts the distribution of cell cycle stages and proposed
class transitions. (See also Figures S7C and S7G.)
(I) Model of the neoblast population. Twomajor classes, the sigma-class and the zeta-class, represent functionally separate neoblast compartments. sNeoblasts
are able to self-renew and collectively give rise to a wide range of tissue types. Over the course of S phase, a subset of the sNeoblasts gains markers specific for
the zeta-class. These cells give rise to the prog-1-related lineages and to epidermal cells.
See also Figure S7.
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defining the distinct biological features of the two classes.
The Zeta-Neoblast Class
Examination of zfp-1(RNAi) blastemas, which lacked zeta-
neoblasts, revealed that most tissues regenerated normally.
Zeta-neoblasts, however, were required for formation of several
related cell types (‘‘prog-1-related cells’’) previously identified
as the major postmitotic populations following mitotic exit (Ei-
senhoffer et al., 2008). These markers have since been widely
used to assess the process of neoblast differentiation (Pearson
and Sa´nchez Alvarado, 2010; Scimone et al., 2010; Wagner
et al., 2011, 2012), but it has remained unknown to which lineage
these cell types belong.
Several lines of evidence now suggest that this lineage is
related to an epidermal cell type. First, zfp-1 RNAi resulted in
depletion of several epidermal transcripts, severe perturbations
to epidermal cell density and morphology, and significant reduc-
tions in epidermal cell differentiation. Second, we identified
several transcripts for which expression spanned both prog-1-
like cells and epidermal cells, potentiallymarking transition states
between these cells (Figure 6B). Furthermore, expression of three
out of six established prog-1-related markers extended into the
epidermis (FigureS5B). Third, thedynamicsof a singleBrdUpulse
as it passed through postmitotic cell populations are consistent
with prog-1+ cells existing as cellular intermediates in an
epidermal cell lineage (Figures S6H and S6I). These data suggest
that the zeta-class and the prog-1-related population, at least in
part, represent different stages of epidermal cell differentiation.
The Sigma-Neoblast Class
Our data showed that most established functional attributes of
the neoblast population were in fact properties of the sigma-neo-
blast class. Sigma-neoblasts mediated the early regenerative re-
sponses to injury (proliferation and migration), and the fact that
theearlywound response remainedunaltered followingelimination
of the zeta-neoblasts by zfp-1 RNAi confirms that the sigma-neo-
blasts are the primary class involved in the early wound response.
The sigma-neoblasts were also able to generate a blastema
containing most major cell types. In addition, they were able to
self-renew in the absence of the zeta-neoblasts and could recon-
stitute the zeta-class after it had been depleted by zfp-1 RNAi.
This shows that the sigma-neoblasts are collectively pluripotent.
We propose that the ability to generate zeta-class cells is a
general feature of sigma-neoblasts, which extends to nonstimu-
lated conditions. It remains possible that, when appropriately
challenged, zeta-neoblasts might also self-renew and even
transition into a sigma-neoblast state. However, based on the
expression analysis of cells in different stages of S phase, it
seems likely that, under nonstimulated conditions, zeta-class
neoblasts are generated from the 2C sigma-class population,
whereas the majority of the 2C cells derived from zeta-class
mitoses exit the cell cycle permanently. Therefore, we propose
a model in which zeta-neoblasts continuously depend on the
sigma-class for their production (Figure 7I).
Previous work has established that pluripotent stem cells
(cNeoblasts) exist in the adult planarian body and, at the single-
cell level, can give rise to diverse cell types (Wagner et al.,
2011). cNeoblasts, however, can only be identified retrospec-Cell Stively, based on the presence and composition of resulting stem
cell clones. Study of cNeoblast expression profiles and other
features, therefore, remains a challenge. Our data suggest that
the cNeoblast is likely contained within the sigma-class. Further
examination and subdivision of the sigma-class will therefore
aid in the identification of markers and features of the cNeoblast.
Evidence for Further Neoblast Heterogeneity
Themajor classes described in this study are an important step in
evaluating neoblast complexity, but neither the sigma-class nor
the zeta-class canbeconsidered homogeneous cell populations.
For example, one subset of the zeta-class cells coexpressed
higher levels of both AbdBb and a six6-related transcript,
whereas another subset expressed high levels of AbdBa, meis-
2, and a gata1/2/3-related transcript (Figure S1G), suggesting
the presence of subclasses. Within the sigma-class, the gamma
neoblasts form a clear subpopulation characterized by high
expression of prox-1, hnf4, gata4/5/6, and nkx2.2 (Figures 1A–
1E). Furthermore, additional heterogeneity might be established
by genes not included in this study.
As the zeta-neoblasts likely represent progenitors to restricted
lineages, we hypothesize that some subclasses will also be line-
age precursors. It is interesting that three of the four transcripts
marking the gamma-neoblast subclass (hnf4, gata4/5/6, and
nkx2.2) havebeenpreviously linked to theplanarian intestine (For-
sthoefel et al., 2012;Wagner et al., 2011). In addition, RNAi of hnf4
or gata4/5/6 resulted in reduced expression of gata4/5/6 and nkx-
2.2 in neoblasts without significantly affecting genes representa-
tiveof theother classes (FigureS4G), suggesting that thesegenes
indeed formacoregulatedunit. Coregulationandcoexpressionof
these factors in the same cells within the neoblast population
strongly suggests that gamma neoblasts represent an intestinal
progenitor state. Future studies will be needed, however, to
establish direct evidence for this lineage relationship.
Insights into Planarian Regenerative Mechanisms
The identification of neoblast classes presented the opportunity
to reevaluate various neoblast properties, such as the wound
response, that previously had been ascribed to the neoblast
population as a whole. The finding that early regenerative re-
sponses to injury are, in fact, properties of sigma-neoblasts
(but not zeta-neoblasts) indicates that wound detection,
wound-induced proliferation, and migration to sites of injury
are all properties of only a subset of the neoblast population.
Therefore, the proliferative and migratory capacities of respond-
ing neoblasts have probably been underestimated.
Single-cell profiling also provides useful insights into dynamic
properties of the neoblast compartment during regeneration.
It has been unclear, for example, whether initial neoblast re-
sponses to wounds are generic or customized to specific types
of injury. Single-cell qRT-PCR analysis allows for the assess-
ment of the class composition of the total neoblast population
and thereby presents an opportunity to evaluate shifts in these
classes in response to various regenerative stimuli. Our prelimi-
nary data (Figures S3B–S3D) suggest that such shifts can indeed
be detected, suggesting that the neoblast response can, in fact,
be tailored to the identity of the missing tissue. Such results illus-
trate the value of single-cell profiling in furthering our under-
standing of regenerative mechanisms.tem Cell 15, 326–339, September 4, 2014 ª2014 Elsevier Inc. 337
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Single-Cell Analysis of Planarian NeoblastsBecause the planarian neoblast system has the potential to
maintain itself seemingly indefinitely and can give rise to every
cell type in the body, it forms a remarkably versatile stem cell
system. Neoblasts have been studied for over a century by tradi-
tional mixed-population studies and have largely been treated as
a single homogenous cell type. Examination of neoblasts at the
single-cell level, however, facilitates a more accurate under-
standing of planarian stem cell dynamics and of the roles specific
types of neoblasts can play in complex regenerative decisions.
We conclude that the neoblasts can be divided into multiple
prominent categories of cells that display unique properties in
regeneration. These findings are significant for the interpretation
of all neoblast studies and for furthering our understanding of
regenerative biology.
EXPERIMENTAL PROCEDURES
Planarian Culture
Schmidteamediterranea clonal strain ClW4wasmaintained as described else-
where (Newmark and Sa´nchez Alvarado, 2000). Animals were cultured in the
dark at 25C in 13 Montjuic salts, fed homogenized beef liver paste every
1–2weeks, and expanded through continuous cycles of amputation or asexual
fissioning and regeneration.
Gene Cloning
All planarian gene sequences were cloned from complementary DNA (cDNA)
into the pGEM vector (Promega) and verified by Sanger sequencing. For
RNAi experiments, gene sequences were subcloned using a Gateway BP re-
action (Invitrogen) into pPR244, a vector containing two inducible T7 pro-
moters and two T7 terminators flanking the Gateway cassette (Reddien
et al., 2005a). Gene-specific double-stranded RNA (dsRNA) was expressed
from these plasmids in E. coli strain HT115.
RNAi
E. coli strain HT115 cultures, containing sequence of interest cloned in the
pPR244 vector (Reddien et al., 2005a), were induced with 1 mM isopropyl-
b-D-1-thiogalactopyranoside for 2 hr, centrifuged, and resuspended in 66%
homogenized beef liver (in water) at 1/300 initial culture volume. Liver-bacteria
suspensions were fed to planarians three to four times over the course of
7–10 days. Negative RNAi controls used unc-22, a C. elegans gene lacking
significant similarity to the S. mediterranea genome.
Drug Treatments and Irradiation
Nocodazole (Sigma) was administered to planarians by soaking animals for
24 hr in a 400 ng/ml solution dissolved in 13 Montjuic salts supplemented
with 1%DMSO. BrdU (Sigma) was administered by soaking for specified pulse
lengths in 13 Montjuic salts containing 25 mg/ml BrdU and 3% DMSO;
animals were then incubated in either 13Montjuic salts or Instant Ocean dis-
solved at 5 g/l. Irradiation doses were delivered to animals using dual Gamma-
cell-40 137cesium sources.
Whole-Mount In Situ Hybridization
Fixations and whole-mount in situ hybridizations were performed as described
elsewhere (Pearson et al., 2009). Some hybridized RNA probes were detected
using anti-DNP-HRP Conjugate (PerkinElmer). Horseradish peroxidase
enzyme was inactivated overnight between labelings by 154 mM sodium
azide, in PBS containing 0.1% Triton-X100 (PBSTx). Most specimens were
counterstained with DAPI (Sigma, 1 mg/ml in PBSTx).
Single-Cell Quantitative qRT-PCR
Amplified cDNA libraries were generated from lysates of individual FACS-iso-
lated cells using SuperScriptIII/ PlatinumTaq mix (Invitrogen) and a mixture of
outer primers specific to 96 planarian genes (Figure S1). Single-cell qRT-PCR
experiments were performed with inner (nested) primers on the BioMark plat-
form (Fluidigm) using 96.96 DynamicArray IFC chips (Fluidigm) according to338 Cell Stem Cell 15, 326–339, September 4, 2014 ª2014 Elsevier Ithe manufacturer’s instructions. For additional details, see the Supplemental
Experimental Procedures.
Cell Transplantations
Bulk transplantation of X1(FS) FACS-sorted cells from 15-day control RNAi or
zfp-1(RNAi) donors were performed similarly as described elsewhere (Wagner
et al., 2011). Host animals to receive transplants were starved in the presence
of gentamycin for at least 7 days prior to onset of experiments and were
exposed to 6,000 rads of irradiation 2 days prior to transplantation. X1(FS)
cells, collected by flow cytometry as in Wagner et al., (2011), were spotted
on to glass coverslips pretreated with 2% dimethyldichlorosilane [Sigma] in
chloroform. Under 103 magnification, cells were loaded by mouth pipetting
into the tip of pulled borosilicate glass microcapillaries (Sutter) treated with
0.1% polyvinylpyrrolidone (Sigma). Loaded cells were injected into the post-
pharyngeal or postgonopore region of cold-immobilized host animals at 1.5–
2.5 psi (Eppendorf FemtoJet). Individual animals that received a transplant
were maintained in 6 cm Petri dishes (one per dish) in the dark in the presence
of Gentamycin; water and dishes were changed every 3–4 days.
ACCESSION NUMBERS
GenBank accession numbers for markers of neoblast classes are as follows:
JQ425154 (zfp-1), JQ425156 (egr-1), JQ425153 (soxP-3), JQ425160 (fgfr-1),
JQ425151 (soxP-1), JQ425152 (soxP-2), JQ425145 (inx-13), and JF802198
(gata4/5/6). Accession numbers for additional gene markers used in this
study are EG413862 (mat), EC616347 (carbonic anhydrase / ca),
EC386316 (mhc-1), AY067773 (synapsin), DN308230 (collagen), FG310880
(chat), and JX091074 (Smed-ovo). Epidermal markers are AY067087 (vim-
1), FG311439 (NB.36.10A), AY067086 (laminB), and FG311237 (NB.22.1E).
Markers related to the prog-1+ cell populations described in Eisenhoffer
et al. (2008) are JX122762 (prog-1), AY967547 (Smed-agat-1), AY067834
(Smed-mcp-1), AY068126 (Smed-odc-1), AY067980 (Smed-cyp1a1-1),
FG311685 (NB.52.12F), and FG310682 (Smed-ras-related). Other data are
deposited as BioProject SRP042226 (including Sequence Read Archive
submission SRS622191 and Gene Expression Omnibus submission
GSE58057), and sequences of all 96 transcripts used in this study are listed
in Table S2.
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